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Introduction 


" 


k OR many years the Federal Highway 
| Administration has been studying ways 
‘to improve visibility for night driving (1, 
| 2, 3, 4, and 4).2 Two methods—fixed source 
lighting and automotive headlamps—are cur- 
rently used for roadway illumination. Fixed 
‘source illumination systems are comparatively 
expensive; therefore, they are usually con- 
_ sidered applicable to only the higher volume, 
“urban areas. At the present time only a small 
fraction of the total surfaced road and street 
mnileage has some form of fixed illumination. 
Although urban driving accounts for ap- 
proximately half of all travel and is still 
increasing, the absolute magnitude of travel 
on.the other parts of the highway network 


















1 Presented at the 50th Annual Meeting of the Highway 
Research Board, Washington, D.C., January 1971, and re- 
ceived HRB Award (for outstanding merit). Award presented 
to authors at 51st annual meeting, January 1972. 

2Ttalic numbers in parentheses identify the references 

_ isted on page 267. 
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Test vehicle used in research. 


Improvement of Visibility for Night Driving 


Reported by' RICHARD N. SCHWAB, 
Electrical Engineer, 

Federal Highway Administration; 

and ROGER H. HEMION, Manager, 
Transportation Research Section, 
Southwest Research Institute 


Various highway vision targets and the effect of various roadway lighting 
configurations on driver performance are summarized in this article. It appears 
that a polarized headlighting system is the most promising system likely to 
solve night visibility problems. This system, technically and economically 
feasible on today’s vehicle population, offers improved visibility with less glare 
for motorists. Moreover, using this system should result in increased vehicular 
control, safety, and comfort, and probably improved traffic flow at night. 


is also increasing. One estimate suggests that 
the amount of travel on the 2-lane rural 
highway system in the United States will 
increase about 50 percent within the next 20 
years (6). Obviously, headlamps must still be 
relied on for night driving. 

The purpose of this article is to summarize 
15 recent research and development studies 
having two broad objectives: (1) to show the 
effects of glare and its consequent restriction 
of visibility during darkness upon traffic 
dynamies, especially on 2-lane rural highways; 


and (2) to recommend a system of vehicular 
illumination which could provide an improved 
visual environment for night driving. 

The remainder of this article will first detail 
the nature of the night visibility problem and 
then describe a series of studies designed to 
meet the objectives first stated. As a result 
of these studies, it appears that a polarized 
headlighting system might be a promising 
solution. Therefore, past objections to the 
polarized system are outlined and means for 
overcoming them suggested. 
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Nature of the Problem 


Headlight design is currently based on a 
compromise between the need for adequate 
road illumination and the need to avoid daz- 
ling the eyes of oncoming drivers with glare 
light. During the past half century a number 
of modifications have been made in the control 
of headlamp beam configuration. These changes 
in intensity, beam pattern, and aiming have 
improved the visual environment for night 
driving. Changes in beam configuration alone, 
however, cannot possibly provide adequate 
lighting to enable the driver to operate his 
vehicle safely under many driving situations. 
This is especially true on 2-lane highways 
where there is an extremely small angular 
separation between approaching vehicles and 
your own lane. This condition and the varia- 
tion in possible roadway geometry make it 
necessary to radically limit the luminous out- 
put in the upper left quadrant of the head- 
lamp so that glare does not impair the visi- 
bility of oncoming motorists. But some 
luminance must be aimed in this direction 
so drivers can see to the left and can nego- 
tiate lefthand curves. Also, the designer is 


limited by physical considerations, such as fila- 
ment size, in determining how sharp this cutoff 
ean be. Improving visibility by changing beam 
configuration is therefore extremely difficult. 

Reducing headlight glare improves night 
and this can be expected to help 


visibility, 





reduce accident frequency. Although this is 
perhaps the major benefit, many other aspects 
of nighttime driving, interrelated to accidents, 
should benefit from better road visibility. In- 
creased time for driver decision making, a 
result of increased distances at which road 
obstacles can be detected, is one example. 
Additionally, it should be possible to safely 
maintain somewhat higher driving speeds. This 
would allow for increased traffic flow and 
greater use of highways during off-peak night- 
time hours. Although an improved headlight- 
ing system might produce an increase in night 
speed, this appears unlikely considering the 
small and directionally variable shifts in speeds 
encountered after installing fixed illumination 
systems. Eliminating glare would reduce stress, 
reduce the sensation of tunnel driving with its 
pressures for more exact control of lateral posi- 
tion, and improve the night driving capability 
of older drivers whose glare adaption responses 
have deteriorated. 


Beam Usage Study 


To provide background giving the extent 
of the problem and to provide data for benefit- 
cost analyses, a nationwide survey of head- 
light beam usage practices was conducted (7) 
at the 17 test sites in 15 States shown in figure 
1. Each site was 1,200 feet long and located in 
2-lane unlighted 


most instances on rural, 


highways of moderate traffie volumes. Three 
sites, however, differed. Site 15 was a 4-lan 

freeway with a median 50 feet wide, site 1 

was a 2-lane high volume rural road carrying’ 
a large proportion of recreational traffic, and 
site 17 was a suburban, 2-lane road with over- 
head lighting. One of the rural, 2-lane site 

(site 7) was observed under two climate 
conditions: snowy winter and clear sprin 

weather. 


Observers at each end of the test sit 
recorded the type of vehicle and headlight 
configuration on an event recorder chart with 
the vehicle position information. The instru- 


mentation package automatically recorded|} 


time/position of the passage of individual 
vehicles in normal traffic on the same recorder 
chart. 


The observations showed that during nor- 
mal nighttime clear weather conditions over 
75 percent of the drivers were using their| 
headlights improperly; that is, using low beams) 
when high beams should have been used 
because they were neither meeting another| 
vehicle nor following closely behind one. 


To obtain sufficient data within a reason- 
able study time only sites having an average 
daily traffic volume of 3,000 to 5, 
were selected. This resulted 
nighttime volumes of approximately 20 


vehicles per hour. Consequently, 


000 vehicles 
in minimum) 


observed 
beam usage patterns must be projected to 








Figure 1.—Site locations for public-beam-usage studies. 


258 


February 1972 © PUBLIC ROADS | 


70 | 
60 
50 
& 40 
30 


20 


0 40 80 120 160 200 5 Aaa 200 Maen S2C 
TRAFFIC VOLUME, VEHICLES PER HOUR 


Figure 2.—High-beam usage related to traffic volume. 


20 


0.1 


DISABILITY VEILING BRIGHTNESS, FT LAMBERTS 


CERIO OO 400 600 800 1000. ~—s«1200 1400 


LONGITUDINAL DISTANCE BETWEEN OPPOSING VEHICLES, FT. 


Figure 3.—Headlight disability veiling brightness on 2-, 3-, and 4-lane highways. 
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apply to lower volume roads not studied and 
prorated among all roads in order to estimate 
the beam usage pattern on all rural highways. 


High beam usage 


Theoretically, the average driver is not con- 
scious of traffic volume as such but is aware 
of the time intervals between meetings with 
opposing vehicles. When this time inter val is 
consistently too short, the driver will not 
switch back to high beam between meetings 
and will drive continuously on low beam. To 
evaluate this theory and determine the effect 
of traffic volume on beam usage when no 
other vehicle was in sight, traffic volumes 
were recorded for each 15-minute interval of 
the study. The intervals were classified by 
volume in increments of 10 vehicles per hour 
and the percentage of high beam usage plotted 
(fig. 2). As can be seen, 50 percent high beam 
usage did not develop until the traffic volume 
had dropped to less than 30 vehicles per hour; 
that is the driver sees an opposing vehicle at 
greater than 2-minute intervals. 

If a driver in traffic meets 30 vehicles per 
hour, the traffic volume counted at a fixed po- 
sition along the roadway will be 15 vehicles 
per hour in one direction, provided that all 
traffic is uniformly distributed and moving 
at the same average speed. If traffic volumes 
in each direction are equal, the two-way traffic 
volume will be 30 vehicles per hour or the same 
volume as met by the moving observer. Thus 
if the above assumptions are met, the traffic 
volume in figure 2 may be interpreted in 
two ways: (1) The number of opposing vehicles 
that a moving driver meets, or (2) the two-way 
traffic volume counted at a fixed station. 

The confidence bands bounding the regres~ 
sion line (fig. 2) indicate a wide variation in 
beam usage from one observation to another 
at any specific traffic volume. However, figure 
2 does provide a reasonable method for making 
a projection because the mean values for all 
observations at any given volume grouping 
fall closely about the regression line. For 
benefit-cost and similar purposes, the mean 
ralue is of principal interest rather than beam 
usage for any individual observation. The 
fraction of high beam usage for each volume 
grouping was multiplied by the fraction of 
nighttime travel occuring in that volume 
category. The result was a corrected estimate 
that approximately 39 percent of all unop- 
posed driving at night in rural areas is done 
on high beams and the remaining 61 percent 
on low beams. 


Visibility Studies 


Because the greater share of rural night 
driving is done on low beams, it is important 
to determine the effect of both low and high 
beam headlamps on the ability of drivers to 
detect typical highway visual targets. A 
simulated roadway was established on a 5,000- 
foot asphalt runway of an inactive airfield (8). 
Two vehicles were instrumented to provide a 
continuous record of their position both 
longitudinally and laterally on the simulated 
road. The instruments also provided data on 
target detection by the driver and glare 
intensity faced by the driver. From the 
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position data, the distance between opposing 
vehicles could be determined together with the 
distance of the driver from a target at the 
point when he detected the target. 

Variation of disability veiling brightness 
(DVB) with longitudinal distance between 
opposing vehicles with conventional headlights 
on 2-, 3-, and 4-lane roads is shown in the 
upper curves of figure 3. DVB is a photometric 
measure of the glare effect produced by all 
the luminances in the field of view. DVB is 
an expression of the equivalent veiling cr 
uniform luminance which could be super- 
imposed over some visual target to produce 
the same loss of visibility as that resulting 
from all the glare sources in the field. Two char- 
acteristic effects of increased lateral separation 
will be noted in figure 3 by comparing the 
dashed curves for 4 lamp, high beam on 2-, 3-, 
and 4-lane highways. First is the reduction in 
intensity resulting frum lateral displacement of 
the observer from the center hot spot of the 
beam. Second is the movement of peak inten- 
sity to greater lcngitudinal distances between 
opposing vehicles. 


Polarized headlighting system 


Several alternative methods have been sug- 
gested for reducing headlight glare. Many of 
the systems involve some type of screening or 
planting between vehicles moving in opposing 
directions. But these systems are limited to 
divided highways and cannot be employed 
on the very roads where they are critically 
needed—2-lane rural highways. Another pos- 
sibility is to use controlled headlamp beam 
distributions that optically project the beam 
straight ahead of the vehicle without imping- 
ing on the opposing lane. Unfortunately, 
highways are not always straight and unless 
expensive feedback control systems are 
employed, it is impossible to keep from blind- 
ing opposing drivers at some point in a curving 
highway situation. Of course, as was suggested 
earlier, a continuous fixed source illumination 
system could be used, but this alternative is 
expensive. 

One of the most promising systems involves 
linear polarizers combined with high wattage 
light sources (9, 10, 11, and 12). Such a method 
could theoretically provide an illumination 
system with greatly increased road visibility 
without causing direct glare to oncoming 
motorists. This is indicated in figure 3 by the 
much lower level of disability veiling bright- 
ness for the polarized systems. 

The polarized system (fig. 4) relies on the 
principle that two linear polarizers with their 
planes of polarization perpendicular to each 
other permit only a negligible amount of light 
flux to pass the second polarizer. Polarizers 
are attached to the headlamps having their 
transmission axes oriented at 45 degrees with 
the vertical. Another polarizer, called the 
analyzer, with the same transmission axes— 
parallel to those over the headlamps—is 
installed in front of the driver’s eyes in a posi- 
tion similar to that of the sunvisor but inter- 
secting the line of sight toward the opposing 
vehicle. This analyzer is constructed so that 
it can be moved out of the way when not 
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needed. Because the transmission axes of the 
headlamp polarizer and the analyzer are 
parallel, light from the driver’s headlamps, 
reflected from pedestrians, signs, pavement 
markings, and other parts of the roadside en- 
vironment, is transmitted through the analyzer 
to the driver’s eye. However, when another 
vehicle equipped in the same manner ap- 
proaches, the transmission axes of the polar- 
izers over its headlamps is perpendicular to 
that of the original vehicle’s analyzer. Thus 
only negligible light is transmitted and neither 
driver is blinded by glare from the approaching 
headlamps. 

The main portion of the visibility studies 
involved determining the distance ahead at 
which each of three targets first became visible. 
Four specific headlighting systems were used 
in this phase of the study. The studies in- 
cluded situations with no opposing vehicle (no 
other vehicle in sight), and meetings of one 
opposing vehicle that employed the same 
headlighting system. In preliminary investi- 
gations, with both one and three opposing 
vehicles, it was determined that the increase 
in intensity and duration of glare caused by 
multiple opposing vehicles reduced detection 
distances. However, the number of cars in the 
platoon caused no differential effects among 
targets. So the main experiment, employing 
20 randomly selected drivers, studied only the 
no opposing and one opposing vehicle situa- 
tions. 

Because they were typical of the range of 
driver detection tasks at night, the following 
three targets were selected for this study: 

Sign target.—A 96-percent diffuse reflective 
white 214-foot square with one quarter missing 





was seen against a 9-percent diffuse reflectiv 
black panel. The bottom of the panel was 6 
inches above the ground and the left edge of 
the sign 6 feet from the edge line of the drivin 
lane. The panel could be rotated and the miss- 
ing portion of the square used as a target 
identification task. 

Pedestrian target.—A three-dimensional 6- 
foot tall manikin, its exposed features painted 
with 17-percent diffuse, reflective grey paint 
and wearing a 17-percent reflective grey top- 
coat, was positioned with its right arm 2 feet 
from the edge line of the driving lane. 

Line target—A portable, reflectorized yel- 
low, 4-inch wide, no passing line 100 feet long 
was positioned in the normal location along 
the right side of the centerline. The targets 
are illustrated on the right side of figure 5. 

Results of these studies are summarized in 
figure 5. The left curves indicate little differ- 
ence in detection distance between conven- 
tional high-beam and low-beam headlighting 
with an opposing glare car that employed the 
same headlighting mode, except for the sign 
target. When high beam was opposed by high 
beam, detection distances for the sign were 
approximately 125 feet further away than 
when low beam was opposed by low beam. 
As expected. when no opposing vehicle was 
present, detection distances were greater with 
high beam compared to low beam regardless 
of the target used. When unopposed, low beam 
detection distances were as good if not better 
than the meeting situation with high beam. 
However, the visibility with either high or low 
beams was generally unsatisfactory and severe- 
ly limited the time available for taking evasive 
action. A system allowing visibility equivalent 





Figure 4.—Polarized headlighting system. 
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to that of unopposed high beam during the 
meeting situation was clearly needed. 


Increased detection distances 
with polarized system 


When polarization radically reduced glare, 
the difference in detection distances between 
opposed and unopposed driving modes was 
greatly reduced (fig. 5). Using polarization 
in the opposed mode increased detection 
distances over those obtained in the un- 
polarized mode, regardless of target or 
intensity of the lamp used with the polariza- 
tion. In the unopposed mode, increased 
detection distance occurs even if the analyzer 
is not used. It should not be used when there 
are no opposing headlights, and if the polar- 
ized illumination is equal to or greater than 
the unpolarized standard headlamps (criteria 
used in the design of the High Intensity 
Polarized [HIP] system), then visibility without 
the analyzer and with no opposing vehicle 
would be equivalent to that of high beam 
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Figure 5.—Distribution of detection distances for all drivers and headlight configurations. 


for most target types. However, for the un- 
opposed mode, detection distances (fig. 5) 
for the polarized headlight cases included the 
analyzer because randomly presenting test 
factors to the subjects precluded the omission 
of the analyzer for unopposed trials. Also, 
this constitutes the worst case which can re- 


sult if the driver becomes lazy and fails to 
move the analyzer from his line of sight when 
no opposing vehicles are present. 


Substantially higher safe 
driving speed 


How does a polarized system affect the 
safety of the average motorist? By using the 
data on visibility of a pedestrian target at 
the road edge for each headlight system 
(fig. 5), it is possible to calculate (13) a safe 
speed from which the normal (median) driver 
would be able to stop before striking the pedes- 
trian. The results of this calculation are given 
in table 1. 

The average speed of over 50,000 vehicles 
observed during the beam usage study was 
60.5 m.p.h. on dry pavements and 55.4 m.p.h. 
on wet pavements. Thus the great majority 
of the drivers of these vehicles, approaching 
98 percent under some road conditions, 
exceeded a speed from which they could 
safely stop if a pedestrian stepped out onto 
the road. Pedestrians account for approxi- 
mately 10 percent of the fatalities on rural 
highways. In the absence of an opposing 
glare car, there is a minor reduction in the 
safe speed in going from high beam to high 
intensity polarized headlights with analyzer. 
However, this reduction can be compensated 
for by not using the analyzer when there is no 
opposing vehicle. The major effect is observed 
in the case of opposing traffic where the 
elimination of glare (disability veiling) in- 
herent in the polarized system results in a 
marked increase in safe speed levels. 

The foregoing discussion is based on using 
high intensity polarized lamps. Using exist- 
ing high beam lamps with polarizers results 
in safe speed levels about halfway between 
that of conventional headlamps and the high 
intensity lamps when an opposing vehicle is 
present. Without an opposing vehicle, the 
safe speed would be less than conventional 
high beam but well above that of low beam. 
Overall, using existing high-beam lamps with 
polarizers (no increase in lamp power) im- 
proves the night driving environment over 
that of conventional headlamps in all cases, 
except for unopposed driving where high- 
beam lamps are now used—39 percent of the 
unopposed driving. However, the improve- 
ment would not be sufficient to raise the safe 
speed for meeting situations to the level 
required to see and stop for a pedestrian at 
current highway speeds. 


Table 1.—Safe speed for stopping before striking a pedestrian when first detected 





























Conventional High intensity 
headlamps polarized headlamps 
Opposing Pavement = a 
vehicle ~ 
Low High With Without 
beam beam analyzer analyzer 
(m.p.h.) (m.p.h.) (m.p.h.) | (m.p.h.) 
ECS ae eee ame IDA soo eee Ee 40 40 63 | (2) 
NEES Se ee ee Re eee Wisten es eee 35 35 50 (2) 
INOGEE Se uae aka rye ee eee a 50 80 ws 80 
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1 With analyzer in use—if the driver does not use analyzer when there is no opposing vehicle, safe speed would be as in- 


dicated in wiihout analyzer column. 


2 Not applicable, polarized system requires use of analyzer when meeting opposing vehicle. If not used it is the same as high 


beam, 
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Dirty windshields and polarizer 
misalinements 

Detection capability for drivers using po- 
larized lights is reduced by a dirty windshield 
not only because of reduced light transmission 
but also because the dirt particles are illu- 
minated by the opposing headlights and 
interpose a more or less bright screen which 
effectively reduces the contrast between the 
target and its background. No appreciable 
depolarization was noted from the dirty wind- 
shield (8). Table 2 shows that the visibility 
loss with a dirty windshield, employing the 
high intensity polarized lamps, was about 6 
percent compared to 10 percent with conven- 
tional headlights. This result does not imply 
that driving with a dirty windshield should 
be ignored. This study only involved the 
effect of the dirt on detection capability, and 
the problems related to the distraction and 
confusion caused by dirt on the windshield 
were not considered. 

Some misalinement of the polarizers be- 
tween the two approaching vehicles is bound 
to exist because of road crown, superelevated 
causes roll 
movement, including rough pavements and 


curves, and other of vehicular 
pot holes. Because of the nature of polarization, 
misalinement inereases the light transmission. 
Dynamic studies of vehicular roll have shown 
that a practical maximum of 7 degrees occurs 
in moving vehicles on normal paved highways. 
Figure 6 shows that a misalinement of more 
than twice this value, or 15 degrees, has an 
insignificant effect on the driver’s detection 


capabilities (14). It is therefore concluded 
that superelevated curves and other causes of 
vehicular roll will not adversely affect a 


polarized headlighting system. 


Comfort 


The discomfort caused by glaring headlights 
is essentially subjective and not necessarily 
visual 
disability. Visual discomfort was rated on a 


accompanied by a _ corresponding 
6-point scale by asking the subjects, at the 
completion of each test, for a judgment of 
comparative discomfort caused by opposing 
headlamps when meeting another vehicle 
head-on (8). Figure 7 indicates that there was 
a definite correlation between subjective 
ratings of glare and measured disability glare 
levels. Both polarized systems produced only 
about one-third the discomfort (2 points less) 
than high beam and about half (1 point less) 
than low beam. 


Table 2.—Detection distances as affected by 
dirt on windshield 
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Figure 6.—Mean target detection distances as affected by vehicular roll. 


6.0 


5.0 


> 
(eo) 


DISCOMFORT RATING 
w 
.e) 


2.0 





Figure 7.—Relative discomfort from opposing headlight modes. 


Fatigue Studies 


A reduction in driving tension and physio- 
logical and psychological irritation of meeting 
headlights of approaching traffic was subjec- 
tively apparent to all subjects. It was postu- 
lated that driving a vehicle for extended 
periods, when all opposing traffic was controlled 
with regard to headlight modes, would induce 
fatigue at differential rates, depending on the 
stressful characteristics of the specifie lighting 
modes. It was further expected, from previous 
research (15), that sufficiently sensitive 
indicators of such fatigue propagation were 
available to discriminate among the compara- 
tive fatigue or stress inducing potentials of the 
various headlighting modes. 


Initially, the course used for the visibility 
studies was extended by utilizing an adjacent 








WE 15 





LIGHTING MODE 


parallel runway and an intersecting runway 
and taxiway to provide a loop course approx- 
imately 134 miles long. Real and simulated 
vehicles were used to provide opposing traffic 
(headlights) for the subject drivers. Fatigue 
development in the observers was evaluated 
in terms of their performance of several 
physiological and psycho-physiological tasks 
presented at the beginning and end of each 
test session or periodically during the session. 


Simulated driving as well as road simulation 
was employed in the second part of the fatigue 
study. For the most part laboratory instru- 
mentation was used to evaluate subject 
psychophysiological, physiological and vigi- 
lance responses. The subject, in the driving; 
seat of a stationary automobile, was given a 
tracking task in the form of a meter nulling 


response to random input steering offset error 
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signals. Random visual flicker and audio 
flutter presentations required the driver to 
lift his right foot off the accelerator and then 
apply the brake. These tasks were conducted 
during repeated exposures of the headlight 
2.0 modes being studied, and each driver’s per- 
formance was measured. 

These experiments, in both the real and 
simulated driving phases, neither supported 
nor refuted the hypothesis that fatigue affected 
driver performance differently with respect to 
the lighting system involved. Although some 
of the measures and techniques selected to 
indicate stress or fatigue development showed 
changes during the tests, in general these 
changes were not consistent between drivers 
nor within a single driver’s performance on 
successive replications (15). Brake reaction 
time in response to an unanticipated signal, 
however, did show some consistency. Figure 8 
shows that no appreciable changes in perform- 
ance occurred for the first 2 hours of the 
simulated driving session. In the third hour, 
differences were apparently related not so 
much to glare but perhaps to discomfort and 
stimulation. The polarized system apparently 
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developed an optimum stimulus to alert the 
HOURS OF DRIVING IN SIMULATOR driver between the overloading effect of the 
glaring high-beam lights and the soporific 
Figure 8.—Effect of lighting conditions on reaction time. effect of no opposing traffic. 


Using a_ scaling technique, subjective 
discrimination of fatigue development related 
to lighting modes was achieved (fig. 9). The 
greatest increase in fatigue was obtained in 
the absence of glare and the least with the 
polarized system, although the differences 
were not statistically significant. Thus only 
an indication of correlation with performance 
data was obtained. 
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present a hazard; that is, sufficient time is 
available to maneuver in the event something 
unexpected occurs. However, the presence of 
the opposing vehicle forces the driver to 
recognize that he is approaching a poten- 
tially hazardous situation; therefore, he makes 
corrections to his vehicle’s path by steering the 
vehicle away from the oncoming vehicle to 
obtain greater lateral separation. 
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It was hypothesized that the greater stress 
NO GLARE HB HIP of opposing high-beam lights causes pro- 
portionately greater lateral displacement than 

Figure 9.—Subjective fatigue mean score, before and after simulating driving at each reduced glare from low-beam or polarized 
lighting condition. headlights. Some difference was noted with 

headlight modes in opposed trials (fig. 10). 
The opposing vehicle itself appeared to be 
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the principal motivating influence, irrespective 
of its lighting, that caused the driver to move 
to the right as the vehicles approached their 
meeting point. Only in the unopposed trials 
did the target appear to exert any influence, 
but with essentially no distinction between 
the targets. 

Judgments of speed, distance, angular 
relationship, and the relative position of 
potentially hazardous situations are important 
to drivers. The ability to make these judg- 
ments may be influenced directly by the 
lighting system used. When it is safe to leave 
a side road and proceed across a highway is a 
particularly critical judgement. Studies were 
made of right angle gap acceptance behavior, 
using both conventional headlamps and the 
polarized system (16). A recent reanalysis 
of the study results is shown in figure 11 and 
in table 3. 


Table 3.—Effect of headlighting system on 
gap acceptance 


Standard 
deviation 


Mean 
Headlamp beam gap 
accepted 





Polarized, with glasses__--| 
Polarized, with visor 
High 





Headlighting systems, which in the right 
angle situation produced the most glare, 1e- 
quired somewhat longer gaps for crossing. 
Low-beam and polarized beam with glasses 
were the low glare situations requiring some- 
what shorter gaps for crossing. Polarized beam 
with visor and high beam were high glare situ- 
ations and required a larger gap. The variance 
in the minimum gap sizes accepted appeared to 
be about the same in all cases. That the polar- 
ized system, using a fixed visor mounted in 
place of the sunvisor, should be characterized 
as high glare is reasonable in the right angle 
situation because the driver is not protected 
against vehicles approaching from the side. 
An analyzer in the form of glasses did provide 
protection to the side. However, because the 
head tips somewhat as it is turned to the side, 
the protection is not complete and the end 
result is quite similar to that of low beam. 

High glare appears to make drivers behave 
more conservatively, by judging the brighter 
sources to be somewhat closer than they are 
and thereby allowing a somewhat greater mar- 
gin of safety. This, of course, could have an ad- 
verse effect on traffic flow, particularly when a 
high volume exists on the main road. Fortu- 
nately nighttime traffic is seldom near capacity 
on most unlighted roads where the glare prob- 
lem is acute. The gap acceptance studies 
clearly show that if the polarized headlighting 
System is introduced, care should be taken in 
the design of the analyzer to protect drivers 
during encounters with vehicles from the side. 

The design of the analyzer may be particu- 
larly important for older drivers because the 
glare tolerance of individuals is increasingly 
reduced with age. 
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Fixed Lighting 


The detection distance 1esults from low- 
beam headlighting alone (17) are compared 
with that obtained with the addition of fixed, 
overhead lighting in figure 12. The major 
effect of fixed lighting was confined largely to 
the two vertical targets. The reflectorized no 
passing line was relatively unaffected by the 
additional illumination because the brightness 
of the line was largely controlled by the illumi- 
nation coming from the headlamps. Because 
of the geometric relationship of line and driver, 
additional illumination from the fixed lighting 
sources did not increase the contrast between 
the line and pavement. In the case of the two 
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vertical targets—the nonieflectorized sign an 
pedestrian—adding fixed lighting to low-bea 
head lighting more than doubled the detectio 
distance. This appears to be primarily becaus 
of illumination falling directly on the twe 
vertical targets (this will be discussed later) 

Apparently little difference exists in thr 
effectiveness of the two illumination level 
used—0.6 and 2.0 footcandles average hori 
zontal illumination (fig. 12). The detectioz 
distance was also largely independent of the 
type of vehicular lighting used (table 4) 
Glare from an opposing vehicle’s headlamp; 
caused a reduction in detection distances 
particularly when high beams were employec 
with or without a fixed lighting system. 
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Figure 10.—Maximum lateral deviation as affected by headlamp-beam type. | 
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Figure 11.—Distribution of gap acceptance for each lighting mode. 
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Figure 13.—Effect of target position on detection under fixed overhead lighting. 


A much greater effect was observed when 
the target was forelighted or backlighted by 
overhead luminaires. Figure 13 shows that 
front lighting increased detection distance for 
the two vertical targets (the line target being 
unaffected by fixed lighting is not shown). The 
increase varied between 30 and 140 percent 
with an overall average of 80 percent. The 
differences were somewhat greater with the 
two-dimensional sign target than the three- 
dimensional pedestrian, where the possibility 
of edge lighting was present. The location of 
the luminaire is important and should be 
considered by highway lighting designers 
when locating luminaires with respect to 
pedestrian crosswalks. In many instances, the 
two-way nature of traffic and other considera- 
tions make front lighting impossible. How- 
ever, On one-way streets and/or at mid-block 
pedestrian crossings, front lighting may be 
feasible. 

Luminaire location had the least effect 
when the driver used parking lamps. This is 
reasonable because the target in rear lighting 
is seen by silhouette, and any illumination 
reaching the target from the vehicular light- 
ing system only reduces the contrast. This 
indicates that with adequate overhead light- 
ing levels, motorists may operate safely with 


only marker lights (perhaps of somewhat 
large size and intensity) on their vehicles. 


This would reduce glare to a minimum. How- 
ever, further investigation relating to the 
ability of pedestrians and drivers in detecting 
vehicles employing only marker lamps 
needed. Some research in this area is currently 
under way at Franklin Institute Research 
Laboratories in Philadelphia. 

Eliminating glare by polarization, expand- 
ing overhead fixed lighting, or by any other 
practicable means would greatly improve the 
ability of drivers to see roadside obstacles, 
traffic markers, signs, and other objects in the 
highway scene. The best way to improve 
visibility appears to be adequate levels of 
fixed, overhead lighting. 

In 1967 there were 1.1 million miles of un- 
lighted, paved, rural highways. The estimated 
cost for installing and operating fixed lighting 
at a 2-footcandle average level for the paved 
road network for a 20-year replacement cycle 


is 


Table 4.—Effect of various fixed and vehicular lighting system combinations on mean detection distance 














Fixed lighting None 0.6 ft.-c. 2.0) {t.-c. 
Vehicular lighting Parking | Low beam | High beam ale Parking | Low beam | High beam AIP. Parking | Low beam High beam | ial 
Dry pavement: Z 
Unopposed: Feet Feet Feet Feet Feet Feet Feet Feet Feet Feet Feet 
lpnieesesee 20. eee = Mh Lee eee 420 865 800 1, 467 1, 360 1, 710 1, 367 2, 092 1,563 | 1,960 1, 783 
Redes trian eas ces. ee. eta) cee sen ee 375 780 590 TL Baty 1, 789 1, 564 1, 785 1, 662 1, 762 1,722 | 1, 919 
31a 6 eee eee her Oe SC ee ee 215 360 380 177 175 249 290 336 411 682 497 
Opposed a ; ei 
Sto, "seeped Beale 345 490 630 1, 417 1, 330 1, 191 1, 122 1, 536 1, 260 1, 005 1,377 
IRédestrianeee sso. seen ale eeo wee 245 245 460 1, 743 1, 206 860 1, 359 1,618 1, 353 845 ub, 205 
TO REaKE |S ot bp eee ca ee ae A ee 130 135 260 158 197 153 238 340 267 184 424 
Wet pavement: 
pee SO eh Ma ee ee 1 680 CSS aMEN IE a ReaNes os 22 Dee | ne let a oO 2,221 1, 886 2, 220 1, 657 
TERE Peery ag Mee lh SONI RR AIR: FIR SAMs ca ae ea 2 RI | ea Rag DCS a ne 2, 298 1, 695 2, 008 1, 280 
TOUS 2 gee ae fie oe ae PE Ma VS be < Se a he eae, (ae ae a PS Mle Set STN Pea 178 209 | 236 128 
Beis eet Re INE Coe ae ee TAREE Oy [l) seas 2 Dee eal WEIR Pee RS | tee ee, al eee ne 1, 671 1, 387 1, 160 1,315 
Podesta eee ea has een elm Se E ee eae ee a el ee SP AUT eee eg |e sesae 1, 722 1, 560 991 1, 245 
i Ls ea Ray A | es ee a See Le Brees era oo sh 182 160 102 172 


1 Partial series only. 
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is $87 
lighting would, 
tots il cost of the 


billion (18). The total cost for fixed 
therefore, approximate the 
Interstate Highway System. 

It is clear that this solution is not economi- 
cally feasible for the entire highway system, 
although it is justifiable on certain highways. 
Fixed lighting appears to be warranted where 
the driver is faced with unpredictable situa- 
tions in which the added visibility from fixed 
lighting is of considerable aid. Some factors 
which may lead to this lack of predictability 
are heavy pedestrians, 
unusual geometry, and high traffic volumes. 

Normal headlighting on unlighted, rural 
roads still causes glare, and such roads con- 
stitute nearly all of the Nation’s highway sys- 
tem and carry the largest portion of the traf- 

A considerable in overhead, fixed 
highway lighting will not eliminate the need 
for modification of vehicle headlighting if the 
objective is improved illumination for opera- 
tion on the at night. Increased head- 


concentrations of 


increase 


highway 


lamp intensity to provide greater visibility 
while eliminating glare from opposing head- 


lamps remains essential for the bulk of high- 


with a radical reduction in glare on all roads, 
instead of the partial solution provided by 
fixed lighting employed only on certain roads. 


Objections to a Polarized System 


Evolutionary changes in the motor vehicle 
have made objections to the polarized head- 
lighting system invalid. Laminated glass for 
windshields is an advancement that eliminates 
distortions caused by tempered glass. Another 
improvement is the higher capacity of modern 
electrical systems, a condition which makes 
higher powered lamps feasible. Some existing 
limitations must still be studied and overcome. 
Chief among these are the reduction of heat 
generated in the polarizers from the lamp and 
the transition to a polarized system from the 
present conventional lamps. 


Heat problems 


Commercially available polarizing materials 


(and agents used for bonding them to the 
lamp) can withstand approximately 150 


degrees C. without detrimental effects which 





To obtain this limit, a dichroic reflector must | 
be employed to dissipate the heat. Such 
reflectors are comparatively expensive. The 
lamp intensities required to obtain the in- 
creased detection distances shown in figure 
5 could be provided by four 50- to 75-watt 
lamps. Standard aluminum on glass reflectors 
could be used on such a lamp. The major 
problem of heat dissipation, therefore, would 
not arise unless longer detection distances 
than those shown in figure 5 were required 
for very high-speed operation. Because of 
the constraints imposed by vehicle power 
generation systems, it is not likely that heat 
dissipation will be a problem for any retro-fit 
system. On new vehicles, if the heat problem 
can be solved, increased detection distances 
from very high-intensity lamps might be 
considered. 


Transition to the polarized system 


Converting to a polarized system is difficult 
and requires considerable analysis of alter- 
native methods. With more than 100 million 
vehicles on the road, it is important to develop 


way operations. The polarized headlighting reduce light transmission. The maximum smooth, expeditious plans for a transition. 
stem, therefore, is essential. It provides power consumption for filaments that fit a It is obviously not possible to equip all 
substantial improvement in visibility, coupled standard 5%4-inch lamp is about 125 watts. vehicles on the road overnight. Therefore, 
| 
HEADLIGHT MODES ~~ DETECTION DISTANCE (FT) 
OBSERVER OPPOSING COMMENTS. 100 200, 300, 400, tn ee £00 
POSSIBLE TRANSITION SYSTEM 
HIP LB +A FOR UNDER POWERED CARS 
(LB +A) 
HIP +A HIP +A PROPOSED SYSTEM 
; OBSERVER MISUSING HB, 
HB +A HIP SHOULD SWITCH TOLB 
OBSERVER SHOULD REMOVE 
HIP +A LB+A ANALYZER AND SWITCH TO 
, IF REQUESTED 
PRESENT SYSTEM UP TO 7% 
HB HB OF MEETINGS 
OPPOSING VEHICLE COULD 
LB +A LBP SWITCH TO HIP AS OBSERVER 
HAS ANALYZER 
PRESENT SYSTEM 93% OF 
LB LB MEETINGS 
ie POSSIBLE TRANSITION SYSTEM ees 
LB+A HIP FOR UNDER POWER CARS (LB +A) | 
NO PASSING" LINE 
OPPOSING VEHICLE SHOULD 
HIP +A HB BWITEH TO LB ae 
Gam SIGN 
ae OBSERVER SHOULD NOT USE 
LBP +A LB ANALYZER, |E., LB TO LB 
| 
Y HB - HIGH BEAM 
LB - LOW BEAM 
HIP- HIGH INTENSITY, POLARIZED 
+A —- POLARIZATION ANALYZER IN USE 
Figure 14.—Mean target detection distances during transition period. 
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uring the transition period, both polarized 
and unpolarized headlights will be present 
‘in traffic. A series of studies was made to 
determine what effect on visibility such 
mixed meetings would have (19). 

Figure 14 shows that in only two instances 
‘would visibility conditions in a meeting 
between a modified and unmodified vehicle 
_be significantly worse than those presently 
encountered with low beams—93 percent of 
all meetings occur with low beam. In both 
, situations, the driver with polarized equip- 
‘ment would be able to quickly recognize 
‘that because he is seeing white lghts—the 
‘sign of conventional unpolarized lamps—he 
is at a disadvantage. He could then simply 
‘move the analyzer out of his viewing field 
and revert to a conventional meeting situation 
‘with the same visibility; that is, no worse 
than the present low beam to low beam 
‘meeting. 

_ Several conversion schemes for the transi- 
tion are possible, and only by additional re- 
search and field testing will it be possible to 
develop the necessary information for wisely 
choosing among them. A scheme which is 
feasible, but may not be the optimum solution, 
is as follows: 

e During the first 3 years of the conversion, 
all new vehicles would be equipped with a 
polarized headlighting system. The conven- 
tional system would continue to be used for 
all meetings between vehicles which are not 
equipped; but where both vehicles are 
equipped, the polarized system can be used. 
Therefore, if one vehicle in a meeting did not 
have the polarized system, the driver would 
flash his lights and the meeting would occur 
on low beam as at present. Unopposed driving 
would be either with high intensity polarized 
beams for new vehicles or high beam for used 
vehicles. 

e At the end of the third year, all drivers 
would be required to install analyzers in their 
vehicles. Used vehicles would be required to 
be equipped with the full system including the 
polarized lamps on title change. All new ve- 
hicles would continue to be equipped. Vehicles 
equipped with the polarized system would use 
it for meeting situations. All other vehicles 
would use low beam plus their analyzer. 








e At the end of the sixth year, conversion 
of all remaining vehicles would be required. 


This means that for the program’s first 3 
years, owners of new vehicles would have the 
system and obtain some limited benefit when 
meeting another new vehicle. By the end of 
the third year, approximately one-third of all 
vehicles would be equipped (20). Because 
newer vehicles tend to be used more than older 
vehicles, equipped vehicles would account for 
perhaps 45 percent of all oncoming traffic. 
Fitting all vehicles with the analyzer at the 
end of the third year would increase the benefit 
to those with fully equipped vehicles and speed 
the voluntary conversions. By requiring retro- 
fitting of used vehicles on resale for the next 
3 years, conversion of the remaining vehicles 
is speeded up, and by the end of the sixth year 
more than three-quarters of all vehicles would 
be fully equipped. These vehicles will account 
for 85 to 90 percent of all meetings. 
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Equipment for new vehicles would cost the 
owner approximately $30 (19). To retro-fit 
used vehicles would cost between $26 and $45 
per vehicle, depending on the type of head- 
lighting system presently on the vehicle, Mod- 
ification of existing vehicles is possible in most 
cases by any driver who is capable of making 
simple repairs. 

Because of their low electrical power capac- 
ity, a few vehicles probably could not be 
converted at these costs. Such vehicles could 
be equipped with an analyzer only and allowed 
to operate on low beam. Visibility would be 
approximately the same (fig. 14). 


Conclusions 


The research described here has demon- 
strated that: Polarization appears to be the 
only practicable method by which adequate 
vehicle headlighting can be provided without 
causing disturbing levels of glare to motorists 
coming in the opposite direction. It is tech- 
nically and economically feasible, and is 
advantageous in terms of improved visibility. 
The result will improve vehicular control, 
safety, and comfort, and probably traffic flow 
and use of highways at night. 


Recommendations 


Although it appears that polarization of 
headlights provides the most practicable 
approach to achieving adequate visibility 
at night, many aspects of the conversion and 
use of polarized headlamps require further 
consideration and evaluation. A public test 
and evaluation program should be undertaken 
to examine problems and develop precise data 
on the costs and benefits of such a system. 
The data would evaluate public response to 
the system through interviews and opera- 
tional studies of traffic flow and accident 
characteristics. Also, problems of equipment 
operation and maintainability would be 
studied. To obtain reliable measurements, the 
test should be conducted in isolation from 
traffic equipped with conventional headlights, 
for a sufficient period of time. A test is cur- 
rently being planned on an island, with access 
from the mainland limited to car ferry, ocean- 
going shipping, and air transport (21). 
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Travel by Motor Vehicles in 1970 


Bye iiCeOELICEsOr 
HIGHWAY PLANNING 


|, Beasees vehicle travel in the United States 
LYE in 1970 totaled 1,121 billion vehicle miles. 
This is equivalent to an average daily traffic 
(ADT) of 820 vehicles on each mile of the 3.7 
million miles of roads and streets in the Na- 
tion. To accumulate this total travel in 1970, 
89 million passenger cars, 3 million motor- 
cycles, 379 thousand buses, and 19 million 
trucks traveled an average of 10,076 miles 
and consumed 92 billion gallons of gasoline 
and diesel fuel at a rate of 830 gallons per 
vehicle. Total travel for 1971, based on in- 
formation for the first 6 months of the year, 
is estimated at 1,170 billion vehicle-miles, a 
4.4. percent increase over 1970. 

National travel by motor-vehicle type and 
related data have been reported in this journal 
for many years. For 1969 these data appeared 
in PUBLIC ROADS, vol. 36, No. 6, February 
1971. 

Definitions 


The term vehicle-miles and other technical 
terms used in this article are defined in the 
following statements: 

Vehicle-miles—The term vehicle-miles refers 
to the amount of travel by one motor vehicle 
traveling 1 mile and includes travel on all 
highways and streets in the United States. 


Trailer combinations—A trailer combina- 
tion is a truck or truck tractor pulling one or 
more trailers and/or a semitrailer. 

Vehicles registered—Vehicles _ registered 
refers to the total number of vehicles registered 
in a State in a calendar year or in a registra- 
tion year if the registration year does not 
differ from the calendar year by more than 1 
month. 


Motor fuel consumption.—Motor fuel con- 
sumption is the total consumption of motor 


fuel by highway vehicles for the year. The 
total amounts are obtained from State records 
and adjusted to remove fuel consumed for 
farm and other nonhighway uses. 

Motor fuel consumption rate-—Motor fuel 
consumption rate is the average rate of motor 
fuel usage in miles per gallon (m.p.g.). 

Annual miles per vehicle—Annual miles per 
vehicle is an average figure obtained by 
dividing the total travel in annual vehicle- 
miles by the total number of vehicles 
registered. 

Gallons per vehicle-—Gallons per vehicle is a 
figure obtained by dividing the fuel consumed 
by the vehicles registered. 

Interstate System traveled-way.—The 
traveled-way of the Interstate System con- 
sists of completed sections plus those roads 
and streets now carrying traffic that will be 
served by the Interstate System when it is 
completed. 


Travel 


The travel and related data for 1970 are 
shown in table 1 by road system and vehicle 
type. Travel estimates by State and highway 
system, prepared by the State highway de- 
partments, are shown in table 2. 

Ten States reported 1970 travel in excess 
of 30 billion annual vehicle-miles, accounting 
for almost 53 percent of all the travel in the 
Nation. California with more than 10 percent 
of the total led the way with 117.0 billion 
vehicle-miles. Following California, in order, 
were New York, 68.6 billion; Texas, 68.0 
billion; Pennsylvania, 56.7 billion; Ohio, 56.0 
billion; Illinois, 55.3 billion; Michigan, 53.1 
billion; Florida, 41.8 billion; New Jersey, 
39.9 billion; and Indiana, 32.6 billion. 

Twenty States, including the 10 just listed, 
reported travel exceeding 20 billion annual 





Reported by W. JOHNSON PAGE 
Highway Research Engineer 
Program Management Division 


vehicle-miles. These States accounted for 
approximately three-fourths of the Nation’s 
travel. 

Main rural roads, comprising 17 percent 
of the Nation’s total of 3.7 million miles of 
roads and streets, carried 36.8 percent of the 
1970 travel. Urban streets accounted for 51.5 
percent of the total travel, although they 
represented only 15 percent of the total 
mileage. Local rural roads accounted for 11.7 
percent of the travel on approximately 68 
percent of the mileage. 


The Interstate System traveled-way ac- 
counted for about 1 percent of the total 
mileage of roads and streets and carried 18.7 
percent of the travel. 

The Federal-aid primary system, including 
Interstate, represented about 7 percent of the 
mileage and ¢arried 48.5 percent of the travel. 
All Federal-aid systems combined, which in- 
cludes 24 percent of the mileage, carried 66 
percent of the travel. 


Passenger cars represented 80 percent of 
the vehicles and accounted for over 79 percent 
of the travel; motorcycles, 2.5 percent of all 
vehicles and about 1 percent of all travel; 
and trucks and truck combinations, 17 per- 
cent of all vehicles and 19 percent of all 
travel. Similar figures for buses were less 
than one-half of 1 percent. 


In the area of vehicle performance, annual 
miles per vehicle rose from 9,969 in 1969 to | 
10,076 in 1970, a sharp rise when compared 
to the trend. Gallons of fuel consumed per 
vehicle continued to rise—from 821 in 1969 
to 830 in 1970. Miles traveled per gallon of 
fuel consumed, which began dropping in 1967 
after several years of relative stability, 
dropped only slightly—from 12.15 in 1969 to 
12.14 in 1970. | 


Table. 1.—Estimated motor-vehicle travel in the United States and related data—1970 ! | 
[From table VM-1, Highway Statistics, 1970] | 
































Mortor-vehicle travel Motor-fuel consumption] Average 
: Number Average travel per 
Vehicle type of vehicles | travel per gallon 
Main rural | Local rural} All rural Urban Total registered vehicle Total Average of fuel 
roads roads roads streets per vehicle | consumed 
Million Million Million Million Million 
vehicle- vehicles vehicle- vehicle- vehicle- Million Miles 
t miles miles miles miles miles Thousand Miles gallons Gallons gallon 
Personal passenger vehicles: 
Passetiger Cars 3202 abo se sce pote ee soe eee ee cud he oe es ee | Sees 8 890, 844 89, 280 9, 978 65, 649 735 13. 57 
Motorcycles 2227 1200? #6 ae oo ora! care eee eet We ae aha | Re mR) (ea | Cpe 10, 148 2, 815 3, 605 135 48 75. 00 
seh All personal passenger vehicles__-......-.__...... 307, 047 99, 402 406, 449 494, 543 900, 992 92, 095 9, 783 65, 784 714 13. 70 
Commerciale os .ce- ee ee ee eee 939 194 1, 133 1, 810 2, 943 90.3 32, 591 644 7, 132 4, 57 
School: 2 59:2- es Se eet eae orn ene 784. 902 1, 686 414 2, 100 288. 7 7, 274 300 1,039 7.00 
All busesiee 5 ae ee aes awe nn ee ee ee ae 1, 723 1, 096 2, 819 2, 224 5, 043 379.0 18, 306 944 2,491 5. 34 
ae Btn ee Welniclos Sie" JaJebe SUk8 3 ee 308, 770 100, 498 409, 268 496, 767 906,035 | 92, 474 9, 798 66, 728 722 13. 58 
Cargo ve 3 
Single-unit trucks wan Se eRe eee soc e ecw esses 76, 949 28, 671 105, 620 68, 823 174, 443 17, 788 9, 807 17, 237 969 10. 12 
DPrailer’combinations= eee ae eens meee mn 26, 874 1,570 28, 444 11, 783 40, 227 960 41, 903 8, 363 8, 711 4,81 
AT Cracks S00 Se Sees sae en ee 103, 823 30, 241 134, 064 80, 606 214, 670 18, 748 11, 450 25, 600 1,365 8. 39 
ATL motorivehicles Soaen a=: teen meen ane aan 412, 593 130, 739 543, 332 577, 373 1, 120, 705 Li, 222 10, 076 92, 328 830 12.14 





' For the 50 States and District of Columbia. 2 Separate estimates of passenger car and motorcycle travel are not available by highway category. 
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The items reported here have been condensed from highway research and 
development reports, predominantly of Federally aided siudies. Not neces- 
sarily endorsed or approved by ihe Federal Highway Administration, the 
items have been selected both for their relevancy to highway problems and 
for their potential for early effective application. 


Each item is followed by source or reference information. Reports with 
an “‘NTIS’’ reference number are available in microfiche (microfilm) at 
95 cents each or in paper facsimile at $3 each from the National Technical 
Information Service (NTIS), 5285 Port Royal Road, Springfield, Va. 22151. 


HYDRAULIC FLOW RESISTANCE FACTORS 


Design engineers concerned with hydraulic resistance of corrugated 
metal conduits commonly used as drainage structures will find useful 
information in a recently published report. It discusses the parameters 
influencing flow resistance of corrugated conduits, including relative 
roughness, Reynolds number, corrugation form, and method of manu- 
facture. While the report does not cover the entire spectrum of culvert 
and storm drain design, it presents resistance factors and aids in tabular 
and graphic form for dealing with the geometry of various shapes and 
sizes of corrugated conduits. Of significance too is the evident magni- 
tude of the errors inherent in applying a single resistance factor to 
corrugated pipes of all sizes, shapes, flow rates, and corrugation forms. 
The resistance factors are presented in terms of both Darcy f and Man- 
ning n values, permitting incorporation into most design procedures. 


Hydraulic Flow Resistance Factors for Corrugated Metal Conduits, Federal High- 
way Administration, U.S. Department of Transportation. Available from Super- 
intendent of Documents, Government Printing Office, Washington, D.C. 20402, 
for 55 cents. 


EFFECTS OF PROPOSED HIGHWAY IMPROVEMENTS 
ON PROPERTY VALUES 


Apparently, highway agency authority to acquire excess land would 
benefit both the State and the land owner in connection with right-of-way 
acquisition for proposed highway improvements. Moreover, advance 
acquisition would reduce the causes of enhancement or diminution in 
the right-of-way, and to a limited degree in areas contiguous to it. These 
views are among a number set forth in a recent NCHRP study of the 
effects of proposed highway improvements on property values. The 
author further states that revolutionary thinking and new concepts 
should be considered in right-of-way alinement and acquisition. He says 
that apparently statutory authority is generally (but not always) needed 
to eliminate the concept of use before highway agencies can proceed 
effectively under a revised concept of public purpose. 

One of the objectives of the study was to develop and objectively set 
forth alternative valuation and legal methods, and to state the pros and 
cons of each. Appraisers, legal practitioners, right-of-way engineers and 
agents, and other public works officials will find this document of 
practical use. It presents in condensed form many ramifications of 
and suggested solutions related to a vexatious problem. 


Effects of Proposed Highway Improvements on Property Values, Available from 
the Highway Research Board, National Academy of Sciences, 2101 Constitution 
Ave., NW., Washington, D.C, 20418. Price $2.60. 
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Digest of Recent Research 
and Development Results 


Reported by the Implementation Division, Office of Development 






HIGHWAY SOILS MAPPING BY AERIAL COLOR PHOTOGRAPHY 


Aerial color photography is the best single type of remote sensing 
technique for extracting highway-oriented information on soils and ter- 
rain conditions, according to a recent evaluation. Color mosaics of 
surface areas of low relief (300 feet or less), properly annotated, make 
excellent master engineering soil plans that are more complete than 
black-and-white with respect to environmental conditions. In areas of 
high relief differences, some perspective distortions occur, but for most 
engineering site selection and design studies, the total view of the ter- 
rain and the soil environment shown on annotated color aerial photo- 
graphs is more important than the geometric accuracy lost. The sum- 
mary report discusses a number of remote sensing techniques and is 
rated an excellent reference source on types of soil information obtain- 
able from the various sensing techniques, such as infrared, radar, 
photography, etc. 


Remote Sensing and Development of Annotated Aerial Photographs as Master 
Soil Plans for Proposed Highways, Summary report, Indiana State Highway Com- 
mission, NTIS No. PB 199422. 


NEW SPEED AND ACCURACY IN HIGHWAY DESIGN 


Simplicity and greater speed and accuracy in highway engineering 
location and design are the benefits of a newly integrated single com- 
puter program for use in aerial triangulation. This new program com- 
bines and refines three earlier individual processes and offers such 
improvements as (1) minimizing of chance of errors from manual 
handling, (2) elimination of intermediate steps into and out of the com- | 
puter, (3) reduced computer usage and easier detection of errors, and | 
(4) convertibility to an integrated set of programs suitable for use on | 
smaller systems. In addition, broader programs for roadway design are | 
now nearing completion, into which the triangulation program can be | 
integrated. 


Electronic Computer Program for Analytical Strip Triangulation and Adjustment 
(Program No. R 0300), U.S. Department of Transportation, Federal Highway 
Administration, Office of Development, Implementation Division, Washington, 
DIC3Z05902 





FREEWAY TRAFFIC MERGING CONTROL 


Recent advancements in the development of freeway and ramp con- | 
trol systems have significantly contributed to freeway traffic control | 
technology, and offer a rational approach to establishing control policy — 
consistent with the demand-capacity philosophy. This approach can | 
mean more efficient use of freeway sections operating near capacity. 
An investigation by the Texas Transportation Institute (TT!) documents | 
the conduct and findings of research performed mainly on the Gulf | 
Freeway in Houston. The work also covers development of various hard- | 
ware and software aspects of freeway control systems using centralized | 
digital computers, including system design requirements. Results can | 
be directly applied to design and implementation of ramp and freeway 
control systems. 


Gap Acceptance and Traffic Interaction in the Freeway Merging Process—Phase II, 
By the Texas Transportation Institute, NTIS No. PB 193901. 
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Highway Bridge Field Tests in the United 
States, 1948-70 


Bye EsOnEICE 
OF RESEARCH 


HE following tabulation of highway 

bridges provides a reference to bridge 
types and parameters on which loading per- 
formance data are available for the use of 
highway bridge design and research engineers. 
The tabulation was compiled from a survey 
conducted by Subcommittee No. 4, Static 
Field Tests, of Committee A2C05, Dynamics 
and Field Testing of Bridges, of the Highway 
Research Board. 

The bridge descriptions are presented in 
alphabetical order, by State. The format is 
designed to permit a quick examination of 
the bridge characteristics, such as girder 
size and spacing, type and thickness of deck, 
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length of spans, and type and orientation of 
supports. The kind of test loading to which 
the bridge was subjected is also indicated. 
The numbers in the last column pertain to 
reports listed at the end of the tabulation. 
The best source of any published reports 
would be the various highway departments 
in which the bridges are located. 


This report includes the data collected by 
Varney and Galambos, published in Highway 
Research Record No. 76, as well as an un- 
published tabulation of bridge tests by 
W. W. Sanders. Their contribution, and that 
of those who replied to the survey, is 
gratefully acknowledged. 


Reported by CONRAD P. HEINS, JR., 
Associate Professor, University of 
Maryland, and CHARLES F. GALAMBOS, 
Structural Research Engineer, 

Federal Highway Administration 





Definitions 
AC —Asphaltic concrete 
Cy, Centerline 
con. —Continuous 
CP —Cover plates 
ext. —Exterior 
int. —Interior 
LL —Live load 
o0.c. ——On center 
PC —Prestressed concrete 


p.c.f.—Pounds per cubic foot 
PMS—Plant mix surface 
RC —Reinforced concrete 
rdwy— Roadway 

rpt. —Report 
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priced at &3 each and microfiche copies at 95 cents each. To order, send the stock number of each 
report desired and a check or money order to the National Technical Information Service. Prepayment 


Other highway research and development reports available from the National Technical Infor- 
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STRUCTURES 


Statice and Fatigue Strengths of Beams Con- 
taining Prestressed Concrete Tension 
Elements (Final). 

Pavement Design and Performance Studies 
(Final Report on Phase C). 

Loading History Study of Two Highway 
Bridges in Virginia (Final Report). 

Analysis of Bridge Grids (Final Report— 
Part II). 

Evaluation of Electric Logging and Gamma 
Ray Device for Bridge Boring Interpre- 
tation. 

Field Performance Evaluation of Soil Pres- 
sure Cells. 

Seale Model Study—Vehicle Collision into 
Fixed Object (Final Report). 

Theoretical Analysis of a Flexible Pavement 
Model. 

A Study of the Wear Characteristics and Skid 
Resistance of Selected Asphalt Concrete 
Overlays. 

Route U.S. 66 Condition Survey. 

In-situ Measurements of Friction and Bearing 
Correlated with Instrumented Pile Tests. 

Analysis and Tests of Small Curved Steel 
Girder Bridges 1, 2, 3, and 4. 

Torsional Strength of Prestressed Concrete 
Bridge Girders. 

Analysis for Stress and Deformation of a 
Horizontally Curved Girder Bridge 
Through a Geometric Structural Model. 

Pavement Deflection as Pavement Overlay 
Criteria—Phase I (Final). 

Fatigue of Flexible Pavements. 

Behavior and Performance of Aggregate-Soil 
Systems Undec Repeated Loads. 

Continuous Composite Beams Under Fa- 
tigue Loading. 

Safety Provisions for Support Structures on 
Overhead Sign Bridges—Volumes 1-5. 

Supplementary Studies of Safety Provisions 
on Overhead Sign Bridges—Volume 6. 

Pavement Roughness and Serviceability 
(Interim Report 3). 

San Fernando Earthquake (Soils and Geo- 
logic Investigations in Relation to Highway 
Damage). 

Non-destructive Testing of Concrete. 

Skid Test Trailer Calibration Project Guide- 
fines. 

Vehicle-in-Motion Weighing Experiment at 
Restored AASHO Road Test Facility. 

Weekend Recreational Travel: Development 
of a Concept. 

Flexbeam Redirectional 
Modular Crash Cushion. 
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Methods for Reducing Friction Between 
Concrete Slabs and Cement Treated 
Subbases. 

Strength Coefficient of Materials. 

Transverse Reinforcement of Continuous, 
Through-shaped Concrete Railroad Struc- 
tures. 

Study of Girder Deflections During Bridge 
Deck Construction. 


MATERIALS 

Bituminous Concrete Statistical Specifi- 
eation (Final Report). 

Relationship of Fatigue to the ‘Tensile 
Stiffness of Asphaltic Concrete (Final 
Report on Phase 1: Laboratory Investi- 
gation). 

Bond and Durability of Concrete and 
Resinous Overlays. 

Investigation of ‘‘D’’ Cracking in PCC 
Pavements (Laboratory Phase I). 

Highway Research Report—Relative Com- 
paction Study, Final Report. 

Correlation of Seismic Velocities with Earth- 
work Factors (Interim Report). 

Concrete Durability Studies. Potentially 
Reactive Carbonate Rocks. 

Frost Penetration Under Alabama High- 
ways. 

Bridge Deck Performance in Virginia. 

Highway Marking Paints. 

Research Summary Report on the Effects 
of Studded Tires. } 

Autogenous Accelerated Curing of Con- 
crete Cylinders. 

Part I—Strength Results. 

Part II—Development of a Moisture 
Measuring Method. 

Part I1I—Temperature Relationships. 

Part [V—Moisture Relationships. 

Part V—ASTM Cooperative Testing Pro- 
geam with Additional Emphasis on the 
Influence of Container and Storage 
Characteristics (Final). 

Evaluation of Aggregate Sources of Glacial 
Origin. 

Application of Instrumental Methods for 
Evaluating Highway Materials (Use of 
Infrared Spectrophotometry in Acceptance 
Testing Membrane Curing Compounds 
for Concrete). 

An Electrical Method for Evaluating Bridge 
Deck Coatings. 

Relative Stabilizing Effect of Various Limes 
on Clayey Soils. 
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Investigation of Soil Damping on Full- 
scale Test Piles. 

Instrumental Color Measurement of Retro- 
reflective Highway Sign Materials. 


TRAFFIC 


High-Mast Lighting. 

An Analysis of Ramp Service Time Distri- 
butions by Monte Carlo Simulation. 

The Jericho Turnpike Lighting Study. 

A Theory of Driver Motivation—Phase 2. 

Study of Rural Freeway Emergeney Com- 
munications for Stranded Motorists. 

Qualitative Analysis of Wrong-way Driving 
in Texas. 

A Study of Freeway Traffic Information 
Reported via Commercial Radio. 

A Study of the Operating Characteristics 
of Intersections. 

Wrong Way IV—Highway Reflectors. 

Bus Detector Development Program (Final). 

Studies of the Driver as a Control Element— | 
Phase 2. 
Phase 3. 

Judgment of Vehicle Speeds and Traffic | 
Patterns—Phase IV. | 


ENVIRONMENT 


Vegetation Control on Roadsides and Similar | 
Areas—1970 Annual Report. 

Flood Protection at Bridge Crossings. 

A Preliminary Report on Small Streams | 
Flood Frequency in Maine. 

Dynamics of Automobiles during Brake 
Applications—Validation of a Computer 
Simulation. 

Development of Analytical Aids for Minimi- 
zation of Single Vehicle Accidents. 


FIELD TESTING 


Composite Report of Variations in Aggregate 
Gradation Production for Highway Con- 
struction in Nebraska (Final Report). 

Slipperiness of Highway Pavements, Phase 
I (Final Report). 

A Digital Data Recording System Developed 
for use with the Virginia Model-2 Skid- 
Resistance Measurement Vehicle. 

Development of a System for High-Speed 
Measurement of Pavement Roughness 
(Final Report). 
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Proceedings: National Conference, Com- 
mittee on Electronics. AASHO, Austin, 
Tex., May 7, 8, 1968. 

Proceedings: National Conference, Com- 
mittee on Electronics, AASHO, Seattle, 
Wash., May 6, 7, 1969. 

Trends in Motorization and Highway Pro- 
grams in 16 European Countries. 

Proceedings: National Conference, Com- 
mittee on Computer Technology (formerly 
Committee on Electronics). 


PLANNING 


Right-of-way Effects on Controlled Access 
Type Highway on a Farming Area in 
Colorado and Fayette Counties, Texas. 

The Effect of Right-of-way Acquisition on 
Farm and Ranch Operating Units. 
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A list of articles in past issues of Pustic Roaps and title sheets 
for volumes 24-35 are available upon request from the Federal 
Highway Administration, U.S. Department of Transportation, 
Washington, D.C. 20590. 

The following publications are sold by the Superintendent of 
Documents, Government Printing Office, Washington, D.C. 20402. 
Orders should be sent direct to the Superintendent of Documents. 
Prepayment is required. 

Accidents on Main Rural Highways—Related to Speed, Driver, 
and Vehicle (1964). 35 cents. 

Aggregate Gradation for Highways: Simplification, Standardiza- 
tion, and Uniform Application, and A New Graphical Evalua- 
tion Chart (1962). 25 cents. 

America’s Lifelines—Federal Aid for Highways (1969). 35 cents. 


‘Analysis and Modeling of Relationships between Accidents and 


the Geometric and ‘Traffic Characteristics of the Interstate 
System (1969). $1.00. 

A Book About Space (1968). 75 cents. 

Bridge Inspector’s Training Manual (1970). $2.50. 

Calibrating & Testing a Gravity Model for Any Size Urban Area 
(1968). $1.00. 


Capacity Analysis Techniques for Design of Signalized Intersec- 


tions (Reprint of August and October 1967 issues of PUBLIC 
ROADS, a Journal of Highway Research). 45 cents. 
Construction Safety Requirements, Federal Highway Projects 
(1967). 50 cents. 
Corrugated Metal Pipe (1970). 35 cents. 
Creating, Organizing, & Reporting Highway Needs Studies 
(Highway Planning Technical Report No. 1) (1968). 15 cents. 
Wmergency Application Systems for Power Brake Mechanisms 
of Highway Trailer Combinations (1970). $1.00. 


Fatal and Injury Accident Rates on Federal-Aid and Other High- 
way Systems, 1968. 45 cents. 
Federal-Aid Highway Map (42x65 inches) (19790). $1.50. 
Federal Assistance Available (1971). 10 cents. 
Federal Laws, Regulations, and Other Material Relating to High- 
ways (1970). $2.50. 
The Freeway in the City (1968). $3.00. 
Freeways to Urban Development, A new concept for joint 
development (1966). 15 cents. 
Guidelines for Trip Generation Analysis (1967). 65 cents. 
Handbook on Highway Safety Design and Operating Practices 
(1968). 40 cents. 
Supplement No. 1 (Nov. 1968). 35 cents. 
Supplement No. 2 (Nov. 1969). 40 cents. 
The Highway and its Environment, 8d Annual Awards Compe- 
tition (1970). 60 cents. 
Highway Beautification Program. Senate Document No. 6, 90th 
Cong., Ist sess. (1967). 25 cents. 
Highway Condemnation Law and Litigation in the United States 
(1968) : 
Vol. 1—A Survey and Critique. 70 cents. 
Vol. 2—State by State Statistical Summary of Reported Fligh- 
way Condemnation Cases from 1946 through 1961. $1.75. 


Highway Cost Allocation Study: Supplementary Report, House 
Document No. 124, 89th Cong., Ist sess. (1965). $1.00. 

Highway Finance 1921-62 (a statistical review by the Office 
of Planning, Highway Statistics Division) (1964). 15 cents. 


Highway Joint Development and Multiple Use (1970). $1.50. 


Highway Planning Map Manual (19638). $1.00. 
Highway Research and Development Studies Using Federal-Aid 
Research and Planning Funds (1969). $1.50. 


Highway Statistics (published annually since 1945) : 

1966, $1.25; 1967, $1.75; 1968, $1.75; 1969, $1.75. 
(Other years out of print.) 

Highway Statistics, Summary to 1965 (1967). $1.25. 

Highway Transportation (November 1970) 65 cents, (Spring 
1971), 6O cents. 

Highways and Human Values (Annual Report for Bureau of 
Public Roads) (1966). 75 cents. 

Supplement (1966). 25 cents. 

Highways to Beauty (1966). 20 cents. 

Highways and Economic and Social Changes (1964). $1.25. 

Hydraulic Engineering Circulars: 

No. 5—Hydraulie Charts for the Selection of Highway Cul- 
verts (1965). 55 cents. 

No. 10—Capacity Charts for the Hydraulic Design of High- 
way Culverts (1965). $1.00. 

No. 11—Use of Riprap for Bank Protection (1967). 40 cents. 

No. 12—Drainage of Highway Pavements (1969). $1.00. 

Hydraulic Design Series : 

No. 1—Hydraulies of Bridge Waterways, 2d ed. (1970). $1.25. 

No. 3—Design Charts for Open-Channel Flow (1961). $1.50. 

No. 4—Design of Roadside Drainage Channels (1965). 65 
cents. 

Hydraulic Flow Resistance Factors for Corrugated Metal Con- 
duits (1970). 55 cents. 

Identification of Rock Types (1960). 20 cents. 

Increasing the Traffic-Carrying Capability of Urban Arterial 
Streets: The Wisconsin Avenue Study (1962). Out of print— 
(Request from Federal Highway Administration). 

Interstate System Accident Research Study-1 (1970). $1.00. 

Interstate System Route Log and Finder List (1971). 25 cents. 

Joint Development and Multiple Use (1970). $1.50. 

Labor Compliance Manual for Direct Federal and Federal-Aid 
Construction, 3d ed. (1970). $3.75. 

Landslide Investigations (1961). 30 cents. 

Manual for Highway Severance Damage Studies (1961). $1.00 

Manual of Instructions for Construction of Roads and Bridges 
on Federal Highway Projects (1970). $3.25. 

Manual on Uniform Traffic Control Devices for Streets and High- 
ways (1971), $3.50. 

Maximum Safe Speed for Motor Vehicles (1969). $1.00. 

Modal Split—Documentation of Nine Methods for Estimating 
Transit Usage (1966). 70 cents. 

Motor Carrier Safety Regulations (1968). +5 cents. 

National Highway Needs. Report, H. Comm. Print 90-22 90th 
Cong. 2d sess. (1968). 25 cents. Supplement 10 cents. 

The National System of Interstate and Defense Highways (1970). 
15 cents. 

Overtaking and Passing on Two-Lane Rural HWighways—a Litera- 
ture Review (1967). 20 cents. 

Park & Recreational Facilities (1971). 45 cents. 

Presplitting. A Controlled Blasting Technique for Rock Cuts 
(1966). 30 cents. 

Proposed Program for Scenic Roads & Parkways (prepared for 
the President’s Council on Recreation and Natural Beauty), 
1966. $2.75. 

Quality Assurance in Highway Construction. (Reprinted from 
PUBLIC ROADS, A JOURNAL OF HIGHWAY RESEARCH, vol. 35, 
Nos. 6-11, 1969). 50 cents. 
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Publications of the Federal Highway Administration—Continued 


Read Before Driving (1969). 15 cents. 

teinforced Concrete Bridge Members—Ultimate Design (1969). 
45 cents. 

Reinforced Conerete Pipe Culverts—Criteria for Structural De- 
sign and Installation (1963). 30 cents. 

The Road to Your Success (1970). 70 cents. 

Road-User and Personal Property Taxes on Selected Motor 
Vehicles (1970). 65 cents. 

Role of Economic Studies in Urban Transportation Planning 
(1965). 65 cents. 

The Role of Third Structure Taxes in the Highway User Tax 
Family (1968). $2.25. 

Safety Rest Area Development (1970). $1.00. 

Second Annual Highway Beauty Awards Competition (1969). 
>) cents. 

Specifications for Aerial Surveys and Mapping by Photogram- 
metrical Methods for Highways (1968). pie. 


Standard Alphabets for Highway Signs (1966). 30 cents. 

Standard Land Use Coding Manual (1965). 50 cents. 

Standard Plans for Highway Bridges : 

Vol. I—Conerete Superstructures (1968). $1.25. 

Vol. I1—Structural Steel Superstructures (1968). $1.00. 
Vol. 111—Timber Bridges (1969). 75 cents. 

Vol. LV—Typical Continuous Bridges (1969). $1.50. 

Vol. V—Typical Pedestrian Bridges (1962). $1.75. 

Standard Specifications for Construction of Roads and Bridges 
on Federal Highway Projects (1969). $3.50. 

Standard Traffic Control Signs Chart (as defined in the Mannal 
on Uniform Traffic Control Devices for Streets and Highways). 
22 x 34, 20 cents—100 for $15.00. 11 x 17, 10 cents—100 for 
$5.00. 

Study of Airspace Utilization (1968). 75 cents. 

Transition Curves for Highways (1940). $2.50. 

Transportation Planning Data for Urbanized Areas (1970). $9.25. 

Ultrasonic Testing Inspection for Butt Welds in Highway and 
Railway Bridges (1968). 40 cents. 























5 % 
== M™ . | 
= | | [ id ‘ . 
oes — ) | : 
=< ' 
—_——-——— 3 
’ 6 , | | 
i | 3 
> > » ; é S : | : | | 
: ‘ | | - : en N ’ . 
‘ ' . | | | 
a : : 
t . | | | | - : : 
‘ : 2 | | : | 
t . a i x ? ne : oe ee a | 
’ . | | | | | | | 
ae | . , 4 o n : . ‘ . : | | | ) | | | : 
‘ ‘ x < , ‘ « , x r : } : . : 
; P a. ek “he ty ‘ a aaah ate ; as Ps A : | | | : , 
. ' ° » ‘ A Ly ‘ t ; . * | | | | 
4 - : . “ 7 b sak | a My sy 4 . | ) : | | | 
| } | | : nf . x ‘ " . ‘ t unt . < \. Ok ~ . 
’ J 








tar 
ie ea 

nTAty 

teat psy 














OP ni 
eA bee Soy 
are een Mwy Ags 





yee 


SSSR AA 






me 


- .~ 





Pwsidieurk: 
ORE 











Mcp a Mea ir Wrusgeieg 


aety 
Sets cats Beste bby 


alee’ 






















ere EN 
Ue meat 
Ney . ee ek. 
Hy gris it i RESUS 
reat Lf LD 
Path A bop KJ Si, 
id ee ey 





¥ SNe arn He baal da 2h 
ee hel ot cna “A 
PLM hea & rats Yeah hy 


oe SRN ea 











Ay Teele a o eS 


vi “ ia 


Te yinter Ribs 





























1 ee Poy any We ae) at 
re aie eration netetct (el ak Phased teh seoh oe baie a ites ih - 
Lh ak dened creioet eLKs, Nat alee 
Sa ee sae pas ap aby acai ho wat Os Sta AR atytunsee tongany 





ah Pitta oe Bote 
SR nei: aon“ 
i noah 
haw es Sate 
* EMME Lah Bee Owe ae» 





ean ay, ~ 
Ran inet ascot ies ) 
ne spute-praneeemts Pt ge pat og 
4 Saabs 









ey e 
- 
spe “8 





es 

Saray At 
Aska ene SO 
Bs! 



















* os “aw 

Seed 

A eer 
KO, fa ie 


qe Lay 








aaa 









eee 


, 
ey 
et AY 


oe Reds tice crt Ste 


of BCs 2 Rrra 


Meween wate Err 


‘ath BAe” 


pe, Reo ee 
Se ae ee sre fh See 
€ Cen 








es 20 
ha Sth by 
endian ie 











“t 
Nae amen pre SS. 


a ey ve ae Me 
OO Red Oo Sd "eo ae pet 
Rene 




















. arn v) 
“y CO A ee, ates Si 
ry ane 4 Bate ete 
snieerae reese a 
re a) oy ok te ot ee 


